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Abstract In this study, the effect of temperature on compressive strength, spalling and mass loss of High
Strength Concretes (HSCs) by f ′c > 65 MPa is discussed. Average compressive strength of the HSCs was
from 65 to 93 MPa, which was optimized by Taguchi’s method as a powerful tool for optimizing the
performance characteristic of a product/process. This paper presents results of an experimental program
on the effects of elevated temperature exposure on the mechanical properties and potential for explosive
spalling of HSCs. Effects of four parameters; water to cement ratio (w/c), sand ratio, silica fume ratio and
amount of silica fume (sf) addition are considered in tests. Mechanical properties of HSCs were measured
by heating 150×300mm cylinders at 20◦ C/min to temperatures of up to 800◦ C. The tests include sixteen
mixtures; twelve contain sf and four are without sf that are selected by Taguchi’s method. The paper
presents results of measurement that indicate the effect of sf, cement, fine aggregate, coarse aggregate
and water on residual strength, spalling and mass loss of the HSCs. The presence of silica fume had no
statistically significant effect on the relative compressive strength while it had an overall statistically
significant effect on increasing spalling. The type of aggregate had a significant influence on the thermal
properties of HSCs at elevated temperatures. In most cases, by increasing sand ratio, residual compressive
strength increased while this trend is inversed for coarse aggregate.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Given the many benefits of High Strength Concrete (HSC)
and its increased use in structural applications, it is essential
that the fundamental behavior of HSC at elevated temperatures
to be understood to ensure that structural fire design involving
HSC will be safe. Therefore, the applicability to HSC of existing
high-temperature relationships that were developed mostly
from limited fire tests on conventional Normal Strength
Concretes (NSCs) needs critical examination. While many of
the design standards for concrete structures have been updated
with detailed material properties and specifications under
ambient conditions, there are no reliable material properties
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standards [1–6].
Thermal properties of HSCs shall be taken into account from
many points of view, which are illustrated briefly hereafter.
Ironically, poor quality concrete is superior to good concrete
in spalling. Concrete that is classed as ‘‘high performance’’ at
room temperature – because of its high strength, low perme-
ability and consequently good durability – is in fact a ‘‘low
performance’’ concrete at high temperature, because of the
increased susceptibility to spalling [7]. Zhukov observed that
dense concretes showed an increased susceptibility to spalling
over normal-weight concretes. One of Zhukov’s most impor-
tant findings was the observation that concrete with low water
to cement ratios (and thus having higher strengths and lower
porosities) showed a greater susceptibility towards spalling,
than concretes with a higherw/c ratio [7]. This observation has
a significant impact on many of the theoretical explanations of
the phenomenon of spalling. This is dramatically illustrated in
the tests by Hertz who encountered violent explosions in very
dense (almost 2700 kg/m3) concrete cylinders (100×200mm),
subject to a heating rate of just 1 °C per minute. His dense con-
crete was achieved using silica fume as a cement replacement.
Hertz concluded that the content of silica fume should not ex-
ceed 10%–15% of the cement by weight [7]. Behnood and Ziari
showed that dosage of silica fume had no significant effect on
the relative residual compressive strength at 100 and 200 °C,
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Design parameters (control factors) Levels
1 2 3
Water to cement (w/c) 0.23–0.25 0.25–0.27 0.27–0.30
Sand ratio fin (%) 0.30–0.35 0.35–0.40 0.40–0.45
Amount of silica fume sf (kg) 24–30 30–60 60–90
Silica fume ratio sf (%) 5 5–10 10–15whereas the amount of sf had considerable influences on the
residual compressive strength above 300 °C, similar to the re-
sponse at 600 °C [8]. Demirel and Keleştemur demonstrated
that adding the mineral admixtures to concrete decreased both
unit weight and compressive strength [9].
2. Taguchi method
In Taguchi’s method, quality improvement starts at the
very beginning, i.e. during the design stages of a process, and
continues through the production phase. Taguchi believed that
the better way to improve quality was to design and build
it into the product and not inspected into it. No amount of
inspection can put quality back into the product; it merely
treats a system. Therefore, quality concepts should be based
upon and developed around. The product design must be so
robust that it is immune to the influence of uncontrolled
environmental factors on the design and processes [10].
Taguchi’s method makes use of an experimental process for
finding an optimal design. It is a method of product quality
improvement that analyzes major contributions and how they
can be controlled to reduce variability of poor performance.
In this approach, knowledge is used to shorten testing, that is
concerned with process improvement rather than with process
measurement [11].
In the present study, the goal is to evaluate the effects of
process parameters on the performance measure and the op-
timum combination of control factors (design parameters) that
would maximize the compressive strength, which is chosen as
the quality characteristic. The control factors (design parame-
ters) of the HSCmixtures are considered as water to cement ra-
tio (w/c), sand ratio, silica fume ratio and amount of silica fume
(sf) addition, which shall be optimized by Taguchi’s method.
3. Test plan
In previous researches, not so much attention has been
paid to mixtures of the tested HSC specimens; the studies
were performed just by considering very limited mixtures
without an optimized sampling method, while in this study,
16 mixtures are considered by employing Taguchi’s method as
a powerful tool for optimizing the tests mixtures, to consider
more parameters and making more general conclusions.
Selection of the design parameters and their levels are made
on the basis of some preliminary trial experiments conducted
in the laboratory and also from literature review on the subject
[1–4,7–9,12–17]. Four design parameters such as water to
cement (w/c) ratio, sand ratio, silica fume ratio and amount
of silica fume (sf) addition are selected in the tests. Each of
the four design parameters is treated at three levels, as shown
in Table 1. The choice of three levels has been made because
the effect of these factors on the performance characteristic
may vary nonlinearly. Based on the results from Taguchi’s
method, at least 9 mixtures shall be tested while in normalFigure 1: Experimental and ISO Fire 834 standard recommended tempera-
ture–time curves [18].
way, 81 mixtures would be required to test all variables. In
this way, it allows for the identification of key parameters that
have the most effect on the performance characteristic value
so that further experimentation on these parameters can be
performed, and the parameters that have little effect can be
ignored.
The study has been performed on 16 mixtures: 12 with sf
and 4 without sf (M2, M7, M10 and M16). The mix proportions
of concretes are summarized in Table 2. All specimens were
stored in the laboratory at a room temperature of 25 ± 5 °C.
For each test, all reported results are the average of three
measurements.
All the concrete cylinder specimens from each mix batch
after their 28 days of water curing, their weights and densities
were measured and recorded under a saturated surface-dry
condition. Concrete cylinders were then placed in the room
temperature until they reached constant dry weights before
test. Three representative concrete cylinder specimens from
each mix batch were chosen after their 28 days of water
curing. The cylindrical concrete specimens were exposed to a
heating rate of 20 °C/min to temperatures of up to 800 °C
and cooled to room temperature gradually during 24 h before
conducting residual strength tests. The time-temperature curve
of the furnace used is compared with the standard curve
recommended in ISO Fire 834 shown in Figure 1 [18]. The
heating rate of the experimental curve is a little less than that of
the ISO recommendation,which is a limitation of the equipment
available. However, it seems likely that the effect on the
ultimate results would be relatively small, since the duration
of exposure at the maximum temperature was maintained for
as long as 1 h.
Each concrete mix batch included 3 cylindrical specimens,
which were cured normally to provide a reference to the ul-
timate compressive strength of unheated concrete. The com-
pressive strength, for the heated specimens, were compared
with the unheated reference concrete that had been stored and
tested at room temperature in order to establish the effect of
heating on strength, spalling and mass loss.
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Mixture Water
(kg)
Cement
(kg)
Silica fume Water/
binder
Coarse aggregate Fine aggregate Superplasticizer
Mass
(kg)
Percent
of binder
mass (%)
Mass
(kg)
Percent of
total
aggregate
amount (%)
Mass
(kg)
Percent of
total
aggregate
amount (%)
Mass
(kg)
Percent
of binder
mass (%)
M1 151 520 64 11.0 0.26 1153 66 600 34 11 1.9
M2 170 567 – – 0.30 955 59 653 41 7 1.2
M3 130 513 43 7.7 0.23 1080 61 685 39 16 2.9
M4 144 564 89 13.6 0.22 1068 64 593 36 20 3.1
M5 125 545 52 8.7 0.21 1103 65 589 35 18 3.0
M6 135 500 30 5.7 0.25 1110 61 700 39 14 2.6
M7 158 568 – – 0.28 1068 63 617 37 12 2.1
M8 151 519 62 10.7 0.26 1122 66 579 34 19 3.3
M9 165 535 80 13.0 0.27 1153 66 597 34 25 3.9
M10 150 500 – – 0.30 927 55 758 45 3 0.6
M11 150 500 25 4.8 0.29 1004 55 822 45 9 1.7
M12 150 500 75 13.0 0.26 1016 57 760 43 23 4.0
M13 150 500 25 4.8 0.29 1233 67 617 33 8 1.5
M14 150 475 24 4.8 0.30 1066 60 710 40 13 2.6
M15 156 486 47 8.8 0.29 1068 61 676 39 11 2.1
M16 150 500 – – 0.30 1234 67 617 33 8 1.64. Test results and discussion
The assessment of fire-damaged concrete usually starts with
observation of colour change, cracking and spalling of concrete
surface [15,19]. There was no visible effect on the surface of
the specimens heated up to 300 °C. The cracks highly enlarged
and partly spalling of the sample was observed when the
temperature reached to 800 °C.
It was observed that the aggregates severely decomposed
and lost their integrity as the temperature reached to 800 °C.
The retained properties of concrete after exposure to a fire can
be primarily assessed by observing the colour of the concrete.
According to Li et al., straw yellow, off-white and red appear
when the concrete is subjected to temperatures of 400, 800 and
1000 °C, respectively [15,20].
4.1. Compressive strength
As mentioned earlier, 12 of the mixtures contain sf whose
unheated specimens have higher compressive strength (by
average of 80.8 MPa) than those without sf (by average of
67.2 MPa). In other words the addition of sf increased average
compressive strength of the 12 mixtures by 20.2%. Average
compressive strength of the HSCs mixtures was from 65 to
93MPa (Table 3). Figure 2 shows average compressive strength
of the mixtures specimens (28 days) vs. amount of sf at room
temperature. One of the main effects of high temperatures on
concrete structures is the reduction in compressive strength
of concrete [15,19,21–24]. The residual compressive strength
values of the concrete specimens after exposure to high
temperatures are presented in Figure 3.
The reductions in compressive strength of concrete, when
exposed to elevated temperatures, can be attributed to the
dehydration of concrete by driving out of free water, interlayer
water and chemically combined water. The loss of physically
bound water significantly affects the mechanical properties of
the concrete exposed to elevated temperatures. Furthermore,
the explosive thermal spalling of concrete during fire occurs
mostly without advance notice. Different researchers found
similar results regarding to the effects of high temperatures
on the properties of concrete. Similar to the results of the
current study, Chan et al. [25] found that the range between 400Figure 2: Compressive strength of the mixtures at room temperature.
Figure 3: Residual compressive strength after exposure to 800 °C.
and 800 °C was critical to the strength loss. The compressive
strength of the specimens lowered drastically when the
temperature reached above 400 °C, and at 800 °C, the strength
loss was about 80%. In the tests, it was observed that all
tested concretes deteriorated at a temperature over 600 °C, as
confirmed in previous studies [15,21,24,26–29,25].
We observed that the reduction in strength is disastrous,
if concrete is heated up to 800 °C. Residual strength of the
mixtures was at least 13.77% for mixture No. 7 and up to 35.81%
for mixture No. 2. Interesting point is that both mixtures are
sf free (Figures 3 and 4), which is not mentioned in previous
researches. All specimens in mixtures No. 10 and 16, as sf free
mixtures, were divided into two or three cylindrical parts, and
it was not possible to measure the compressive strength as the
result of reduction of tensile strength in the heated specimens.
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Mixture Strength at room temperature (MPa) Residual strength after fire exposure (MPa) Relative strength (%) Spalling degree (%)
M1 76.7 20.6 26.8 23.5
M2 66.0 23.9 36.2 11.3
M3 85.7 15.9 18.5 22.1
M4 82.3 14.9 18.0 27.9
M5 77.5 20.6 26.6 23.4
M6 90.1 18.2 20.2 15.4
M7 65.8 9.5 14.5 32.0
M8 93.6 16.1 17.1 29.2
M9 80.3 13.9 17.3 14.1
M10 65.2 –a – 37.9
M11 78.5 19.5 24.9 20.9
M12 82.3 27.3 33.2 22.5
M13 81.4 21.0 25.8 14.0
M14 76.2 16.2 21.3 14.5
M15 64.5 13.9 21.6 18.6
M16 71.8 –a – 38.3
a The specimens are divided into 2 cylinder parts.Figure 4: Relative compressive strength.
Figure 5: Relative compressive strength vs. amount of silica fume in total
binder amount.
As shown in Figure 5, in general, ratio of silica fume to to-
tal binder amount in the mixtures containing sf had no statis-
tically significant effect on the relative strength of specimens,
while it affects the unheated specimens significantly (Figure 2).
Amount of silica fume influenced slightly the relative compres-
sive strength, as depicted in Figure 6. Therewas, however, some
dependence on test condition. For example,mixtures Nos. 7 and
2 without silica fume had, respectively, minimum and maxi-
mum residual strength than the all mixtures with silica fume.
In most cases, by increasing sand ratio, residual compressive
strength increased, while it is inversed for coarse aggregate
(Figures 7 and 8). At room temperature, by increasing ratio of
water to binder, compressive strength of the HSCs decreased,Figure 6: Relative compressive strength vs. silica fume amount levels.
Figure 7: Relative compressive strength vs. fine aggregate to total aggregate
percent levels.
while in the heated specimens, by increasing ratio of water to
binder, the relative compressive strength increased (Figure 9).
The results are justified to previous experimental studies
on HSCs at elevated temperatures [30–34]. Figure 10 compares
the relative compressive strength of M1, M2, M5, M7, M11,
M14 and M15 mixtures at 800 °C with siliceous aggregate
HSCs by initial compressive strengths from 55.2–80 MPa, while
Figure 11 makes this comparison for M3, M4, M6, M8, M9, M12
and M13 mixtures at 800 °C with siliceous aggregate HSCs, by
initial compressive strengths from 80–110MPa. The results, are
in good agreement with the previous experimental test results,
and fill the data gap of HSCs at 800 °C.
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Figure 9: Relative compressive strength vs. water to binder ratio levels.
Figure 10: Comparison between relative compressive strength of high strength
siliceous aggregate concrete (55.2–80 MPa) at 800 °C with M1, M2, M5, M7,
M11, M14 and M15 mixtures [30–32].
4.2. Spalling and mass loss
Many factors have been identified in the literature review
as influencing explosive spalling in concrete that are [10]:
heating rate, heating profile, section size, sections shape,
moisture content, pore pressures, permeability, age of concrete,
strength of concrete, compressive stress and restraint, type
of aggregate, aggregate size, cracking, reinforcement, cover
to reinforcement, supplementary reinforcement, steel fibers,
polypropylene fibers and air-entrainment.
In the tests, we observed occurrence of, at least, a type
of spalling (Table 4). All the mixtures specimens that heated
higher than 300 °C, experienced a type of spalling and mass
loss (Table 3). In the tests, spalling ranged from insignificantFigure 11: Comparison between compressive strength of high strength
siliceous aggregate concrete (80–110MPa) at 800 °C with M3, M4, M6, M8, M9,
M12 and M13 mixtures [30,33,34].
Figure 12: Aggregate spalling.
Figure 13: Corner spalling.
aggregate spalling (which causes surface pitting) to, in extreme
cases, large parts of the specimens being blown off with
explosive force that are categorized in four types: explosive
(parts larger than 1 cm), surface (parts smaller than 1 cm),
aggregate and corner spalling [10]. Examples of the spalling
types in our tests are shown in Figures 12–15, respectively.
Spalling degree of the mixtures was at least 11.30% for
mixture No. 2 and up to 38.30% for mixture No. 16. The
interesting point is that both mixtures are sf free (Table 3).
Explosive spalling in both groups of the mixtures (containing
sf and without sf) are occurred, and the presence of silica
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Figure 15: Explosive spalling.
Figure 16: Spalling degree vs. amount of silica fume in total binder amount in
the mixtures containing sf.
fume had an overall statistically significant effect on increasing
spalling, as shown in Figures 16 and 17, that represent spalling
degree of themixtures containing sf vs. amount of silica fume in
total binder amount (silica fume ratio) and silica fume amount
levels, respectively.
Tables 3 and 4 give us an idea that addition of sf, in general,
could control explosive spalling due to increasing tensile
strength of the specimens while increases the occurrence of
other types of spalling that leads more mass loss in some
specimens. Effect of sf on mass loss is not easy to be judged,
because there are two effective parameters: reduction of
permeability and increasing tension strength that have inverse
effects on spalling and mass loss. By reduction of permeability,
spalling increases, while mass loss will decrease when tension
strength increases. About mass loss of the specimens, in most
cases by increasing sand ratio, mass loss increased.
Figure 18 confirms the spalling degree decreased drastically
when the water to binder ratio levels increased in the mixtures
containing sf, which provides us with a different rule of waterFigure 17: Spalling degree vs. silica fume amount levels in the mixtures
containing sf.
Figure 18: Spalling degree vs. water to binder ratio levels in the mixtures
containing sf.
Figure 19: Spalling degree vs. amount of fine aggregate in total amount of
aggregate in the mixtures containing sf.
to binder ratio. Figures 19 and 20 show that the spalling degree
is influenced slightly when the amount of fine aggregate and
coarse aggregate in total amount of aggregate increased in the
mixtures containing sf, although the trend of fine aggregate
as positive and coarse aggregate as negative parameters are
different.
4.3. Optimal design parameters
Optimal design parameters (control factors) and their levels
from the results of our tests are presented in Table 5, that
are compared to the ones from the past researches which was
used as input of Taguchi’s method. Optimal amount of water
to cement (w/c) are obtained in three levels from 0.23 to 0.32,
while from the previous researches, its upper bound is limited
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Design parameters (control factors) Levels
1 2 3
Water to cement (w/c) From previous studies 0.23–0.25 0.25–0.27 0.27–0.30From this study 0.23–0.27 0.27–0.30 0.30–0.32
Sand ratio fin (%) From previous studies 0.30–0.35 0.35–0.40 0.40–0.45From this study 0.33–0.35 0.35–0.39 0.39–0.44
Amount of silica fume sf (kg) From previous studies 24–30 30–60 60–90From this study 25–43 43–64 64–89
Silica fume ratio sf (%) From previous studies 5 5–10 10–15From this study 4.8–7.5 7.5–10.5 10.5–13.6Figure 20: Spalling degree vs. amount of coarse aggregate in total amount of
aggregate in the mixtures containing sf.
to 0.30. Fine aggregate (sand ratio) as second control parameter
is optimized in the range of 0.33 to 0.44, which from the past
studies was from 0.30 to 0.45. Optimal amount of silica fume is
obtained in the range of 25–89 (kg/m3), which is approximately
same as the previous results, although boundary of the levels
are completely different. The last design parameter is silica
fume ratio (%) which is optimized by lower bound of 4.8%
(approximately same to the previous studies) and upper bound
of 13.6% with regard to 15% from the past results, although the
difference between the boundaries of the obtained andprevious
levels of 1 and 2 are 50%, which is significant.
5. Concluding remarks
In this study, the effect of temperature on compressive
strength, spalling and mass loss of HSC (f ′c > 65 MPa) is dis-
cussed. Average compressive strength of the HSCs was from
65 to 93 MPa, due to the optimization of the test sampling by
Taguchi’s method as a powerful tool for optimizing the perfor-
mance characteristic of a product/process to consider more pa-
rameters and making more general conclusions. The following
conclusions may be drawn from the present research work:
1. Among the four control parameters, the water/binder
ratio and fine aggregate were having significant effect on
the quality characteristic, i.e. more relative compressive
strength and less spalling ratio. Moreover, fine aggregate
ratio was having the highest contribution.
2. At room temperature, by increasing ratio of water to binder,
compressive strength of the HSCs decreased while in the
heated specimens by increasing ratio of water to binder, the
relative compressive strength increased.
3. The results are in good agreement with the previous
experimental test results, and they fill the data gap of HSCs
at 800 °C.4. The behavioral differences between HSCs with and without
sf are found in two points: first, sf had an important role on
normal compressive strength but did not affect the relative
strength of the heated specimens, while it controls spalling
ratio significantly.
5. The optimal levels of the process parameters were found
corresponding towater/binder ratio of 0.23–0.32, sand (fine)
ratio of 0.33–0.44, silica fume ratio of 4.8%–13.6%, and
amount of silica fume of 25–89 kg, which indicate that the
predictions made by Taguchi’s parameter design technique
were in good agreement with the confirmation results
from previous studies, although the results of the present
study are valid within the specified range of the process
parameters along with their chosen levels.
6. In the experiments, it was observed that the reduction in
strength is disastrous, if concrete is heated up to 800 °C.
Residual strength of the mixtures was at least 13.77% for
mixture No. 7 and up to 35.81% for mixture No. 2. The
interesting point is that both mixtures are sf free, which is
not mentioned in previous researches.
7. The tests confirmed the spalling degree decreased drasti-
cally when the water to binder ratio levels increased in the
mixtures containing sf, which provides us with a different
rule of water to binder ratio.
8. Slight effect of fine and coarse aggregates on spalling degree
was observed. The trends of fine aggregate as positive and
coarse aggregate as negative parameters are different.
9. All specimens in mixtures No. 10 and 16, as sf free mixtures,
were divided into two or three cylindrical parts and it was
not possible to measure the compressive strength as the re-
sult of reduction of tensile strength in the heated specimens.
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